The ERK/MAPK pathway is an important developmental signaling pathway. Mutations in upstream elements of this pathway result in neuro-cardio-facial cutaneous (NCFC) syndromes, which are typified by impaired neurocognitive abilities that are reliant upon hippocampal function. The role of ERK signaling during hippocampal development has not been examined and may provide critical insight into the cause of hippocampal dysfunction in NCFC syndromes. In this study, we have generated ERK1 and conditional ERK2 compound knock-out mice to determine the role of ERK signaling during development of the hippocampal dentate gyrus. We found that loss of both ERK1 and ERK2 resulted in 60% fewer granule cells and near complete absence of neural progenitor pools in the postnatal dentate gyrus. Loss of ERK1/2 impaired maintenance of neural progenitors as they migrate from the dentate ventricular zone to the dentate gyrus proper, resulting in premature depletion of neural progenitor cells beginning at E16.5, which prevented generation of granule cells later in development. Finally, loss of ERK2 alone does not impair development of the dentate gyrus as animals expressing only ERK1 developed a normal hippocampus. These findings establish that ERK signaling regulates maintenance of progenitor cells required for development of the dentate gyrus.
Introduction
The extracellular signal-regulated kinases (ERKs) are the central components of the mitogen-activated protein kinase (MAPK) signaling pathway. Mutations in various elements of the MAPK pathway are genetically linked to a collection of related disorders termed neuro-cardio-facial cutaneous (NCFC) syndromes, which include the broadly termed "RASopathies" (Samuels et al., 2009; . These disorders arise from both loss-and gain-offunction mutations within this pathway and exhibit overlapping phenotypes. Importantly, these syndromes are characterized by intellectual disability, developmental delay, and psychiatric disorders, which include various degrees of cognitive impairment (Bentires-Alj et al., 2006; Tidyman and Rauen, 2009; Tartaglia and Gelb, 2010; Zenker, 2011; Adviento et al., 2014) .
Initial studies of ERK1/2 signaling in the adult brain found that these enzymes were essential for regulating synaptic plasticity in the hippocampus and spatial memory retention (English and Sweatt, 1997; Selcher et al., 1999) . Although these studies ascertained the importance of ERK signaling in the adult hippocampus, the role of ERK1/2 during hippocampal development has not been extensively studied. This is an important question as the hippocampus is necessary for cognition and learning, which are impaired in patients with NCFC syndromes (Yoon et al., 2007; Pierpont et al., 2013 ). In the current study, we use a forebrain-specific knock-out of the Mapk1 (ERK2) and germline knock-out of Mapk3 (ERK1) to examine the formation of the dentate gyrus (DG).
Morphogenesis of the DG has been studied primarily in the context of the Wnt and Reelin signaling cascades, whereas the effect of ERK MAPK signaling on DG and hippocampal morphogenesis is less understood (Roelink, 2000; Zhou et al., 2004) . FGFs are the prototypic activators of the ERK MAPK pathway during telencephalic development (Eswarakumar et al., 2005; Thomson et al., 2007) . Mice lacking FGFR1 exhibit a significantly smaller hippocampus, although there are no cytoarchitectural impairments (Ohkubo et al., 2004) . Whether these defects are due to diminished ERK activity is unknown, and the role of ERK1/2 activity during DG development has not been explored.
Development of the DG requires precise control of transcription factor cascades that orchestrate the differentiation of progenitor cells into mature neurons Hevner et al., 2006; Sugiyama et al., 2013) . Neural progenitors populate three proliferative zones: the ventricular zone (VZ) of the hippocampus (primary dentate matrix), a secondary germinal zone (secondary dentate matrix), and the tertiary zone (tertiary dentate matrix). The tertiary dentate matrix is located in the presumptive DG, whereas the secondary dentate matrix is the dentate migratory stream (DMS), which is formed as neural progenitors migrate from the VZ to the developing DG (Altman and Bayer, 1990) . Most granule cells in the DG are born during the first postnatal week in mice, which is much later compared with the cortex, where neurogenesis occurs embryonically (Li and Pleasure, 2007; Yu et al., 2014) .
In our study, we find that loss of both ERK1 and ERK2 results in a smaller DG due to depletion of progenitors, which subsequently impairs generation of granule cells in the developing DG.
Materials and Methods
Mice. All mice used were on a C57/B6 background and of mixed gender. Floxed Mapk1 (ERK2) alleles were created by flanking exon 2 of the Mapk1 gene with loxP sites and knocked-in to the endogenous locus (Samuels et al., 2008) . Emx-Cre mice were obtained from The Jackson Laboratory. Mapk3 (ERK1) null mice were generated previously (Nekrasova et al., 2005) . Mice were housed in the Animal Resource Center on a 12 h light-dark cycle, provided food ad libitum, and maintained using standard animal housing protocols. For timed matings, plug date was designated as E0.5 and birth was designated as P0. For BrdU labeling, pregnant dams were injected with 50 mg/kg BrdU (Roche) at indicated ages.
Protein extraction and Western blots. Pregnant dams were killed at gestation day E14.5, and pups were removed. Tails were collected for genotyping. The mice were decapitated, and brains were removed. The dorsal telencephalon was dissected into cold HBSS and disrupted to create single-cell suspension. Cells were centrifuged and the HBSS aspirated. Protein was extracted by resuspending cells in lysis buffer (20 mM TrisHCl, 150 mM NaCl, 1 mM EGTA, 1.5 mM MgCl 2 , 20 mM NaF, 20 mM ␤-glycerol phosphate, 1% NP40, 10% glycerol, pH 7.5) containing protease and phosphatase inhibitors (Sigma). Samples were centrifuged at 15,000 rpm to pellet debris. The supernatant was collected, and the protein was quantified using a BCA assay (Thermo Scientific reagents). Protein samples (15-20 g) were run on 9% SDS-PAGE gel and transferred onto PVDF membrane. Blots were blocked using 5% milk (Carnation) or 5% BSA (Sigma) in 0.1%TBS-Tween-20 (TBST) for 1 h at room temperature. Primary antibodies used were as follows: phospho-ERK1/2 (Cell Signaling Technology, 1:5000), ERK1/2 (Cell Signaling Technology, 1:5000), phospho-MEK (Cell Signaling Technology, 1:1000), MEK1/2 (Cell Signaling Technology, 1:1000), phospho-C-Raf (S259) (Cell Signaling Technology, 1:2000) , C-Raf (Cell Signaling Technology, 1:1000), Sprouty1 (Cell Signaling Technology, 1:1000), phospho-GSK3␤ (Ser9) (BD Biosciences, 1:100), GSK3␤ (BD Biosciences PharMingen, 1:1000), ␤-catenin (BD Biosciences, 1:10,000), Axin2 (Abcam, 1:1000), Reelin (Millipore, 1:1000), and tubulin (LI-COR, 1:1000). Blots were incubated overnight at 4°C with primary antibody diluted in 5% milk unless specified by the manufacturer. Blots were washed in TBST and incubated in HRP-conjugated secondary antibodies (Sigma) or 680/800 fluorophoreconjugated secondary antibodies (LI-COR) for 1 h at room temperature. Pierce ECL chemiluminescence substrate was used for signal detection, and blots were imaged using a Protein Simple M-Fluorchem or x-ray film (Kodak). Fluorescent blots were imaged using the Odyssey Fc (LI-COR). Densitometry analysis was conducted using ImageJ. Phosphorylated ERK, MEK, C-Raf, and GSK3␤ were normalized to total ERK, MEK, C-Raf, and GSK3␤, respectively. All other proteins were normalized to actin or tubulin. GraphPad software was used for statistical analysis.
Immunohistochemistry/immunofluorescence. Pups were harvested at E16.5, E18.5, P2, and P10. Brains were dissected and drop-fixed in 4% PFA overnight. Brains were incubated in sucrose solutions of 10%, 20%, and 30% with 24 h incubation at each sucrose concentration. Tissue was embedded in OCT followed by preparation of 10 m coronal sections using Leica cryostat. Sections were matched and rehydrated in PBS. Sections underwent antigen retrieval (Reveal Decloaker, Biocare) for 10 min and blocked using 5% NGS in 0.1% PBS-Triton X-100 or Sniper Solution (Biocare). Sections were incubated with primary antibody overnight at 4°C. Primary antibodies used were as follows: Prox1 (Millipore, 1:1000), Tbr2 (Millipore, 1:1000), Ctip2 (Abcam, 1:250), BrdU (Abcam, 1:100), BrdU (Caltag, 1:500), activated-caspase3 (Cell Signaling Technology, 1:100), phospho-H3 (Millipore, 1:200) , Nestin (Millipore, 1:500), p73 (Santa Cruz Biotechnology, 1:250), CXCR4 (Thermo Scientific, 1:250), calretinin (Swant, 1:1000), L1-CAM (Millipore, 1:250), Pax6 (Covance, 1:200), phospho-ERK1/2 (Cell Signaling Technology, 1:250), phospho-MEK1/2 (Cell Signaling Technology, 1:250), and GFAP (Dako, 1:500). AlexaFluor secondary antibodies (Invitrogen) were used for fluorescent detection followed by DAPI counterstaining and mounting using Prolong Gold Anti-Fade (Invitrogen). For DAB staining, endogenous peroxides were quenched using 3% hydrogen peroxide before blocking. Sections were treated with the appropriate biotinylated secondary antibodies, followed by DAB substrate (Vectastain). Sections were then counterstained with cresyl violet and coverslipped with Permount (Sigma). Phospho-ERK immunofluorescence was performed using a Tyramide Amplification kit (PerkinElmer). For cell counts, 3 or 4 images of the septal hippocampus were taken per animal and 3-6 animals were used for each analysis. Blinded cell counts were obtained using Adobe Photoshop and averaged for each animal. GraphPad software was used for statistical analysis.
In situ hybridization. Slides with E14.5 sections were postfixed in 4% PFA for 10 min, incubated with Proteinase K for 1 min, followed by another 4% PFA 10 min incubation. Sections were then acetylated with acetic anhydride in TEA buffer for 10 min. The sections were washed, dehydrated in ethanol, and air-dried. Sections were then incubated for 30 min in Tris/glycine buffer. Slides were incubated overnight at 65°C in probe diluted in hybridization buffer. Wnt3a probes: Wnt3a forward, CACCACCGTCAGCAACAGCC; Wnt3a reverse, AGGAGCGTGT-CACTGCGAAAG. Hybridization buffer: 40% formamide, 5 ϫ SSC, 1 ϫ Denhardt's (Sigma), 100 g/ml fish testis DNA (Sigma), 100 g/ml yeast tRNA (Sigma) in water. Probe and hybridization mix was heated at 95°C for 2 min before adding to sections. Sections were washed in SSC buffer, treated with RNase for 30 min, and then incubated in 1% blocking reagent (Roche) for 10 min. Sections were then incubated in anti-Dig antibody (Roche) overnight at 4°C. Slides were then washed in TBS followed by incubation in 0.5 mg/ml levamisol (Sigma) in 0.1% Tween 20 in water. Sections were then incubated in BM purple (Roche) overnight in the dark at 4°C until staining was apparent. Sections were washed in 1 mM EDTA to stop reaction and coverslipped with mounting media (Dako).
Results
Loss of both ERK1 and ERK2 causes dysregulation of the MAPK signaling cascade ERK1/2 expression is highest in proliferating neural progenitors positioned in the VZ and subventricular zone (SVZ) of the developing telencephalon, which includes the hippocampus (Imamura et al., 2010; Satoh et al., 2011; Pucilowska et al., 2012) . To study the role of ERK1/2 in the hippocampal development, the Mapk1 gene (ERK2) was conditionally deleted using an Emx1-Cre (hereafter termed ERK2 CKO), which is expressed in radial glia beginning at E9.5 in the dorsal telencephalon (Gorski et al., 2002) . To generate both ERK1 and ERK2 double knock-outs (DKO), ERK2 was conditionally knocked out using Emx1-Cre in Mapk3 (ERK1) null mice. Whereas CKO mice exhibited normal survival, DKO mice died 3-4 weeks after birth as reported previously (Pucilowska et al., 2012) . However, the fact that DKO mice survive the first two postnatal weeks allowed analysis of the development of the hippocampal DG.
We first confirmed that ERK1/2 protein was absent in the mutant mice. At E14.5, a Western blot analysis showed significant reduction of ERK2 in both ERK2 CKO and ERK1/2 DKO animals, whereas ERK1 is absent in only the DKO animals (Figure 1A) . CKO mice showed an elevation in ERK1 phosphorylation, which is likely a compensatory response to loss of ERK2 (Figure 1 A, B) . Mutant animals are compared with control ERK2 flox/flox mice, which hereafter are referred to as WT mice. ERK1 and ERK2 have many cytoplasmic and nuclear targets, including those that provide crucial negative feedback regulation of their upstream activators, most prominently the Raf kinases and MEK1/2 (Hanafusa et al., 2002; Dougherty et al., 2005; Catalanotti et al., 2009 ). The effect of ERK1 and/or ERK2 loss of function on the MAPK/ERK pathway was assessed by examining the activation of upstream kinases C-Raf and MEK1/2. Phosphorylation of C-Raf on S259 inhibits C-Raf activity and is one site of negative feedback regulation. Western blot analysis of C-Raf phosphorylation at S259 revealed a gene dose-dependent decrease in C-Raf phosphorylation. ERK2 CKO showed nonsignificant declines in phospho-C-Raf (S259), whereas ERK1/2 DKO displayed a 46% decrease in C-Raf (S259) phosphorylation (t test, p ϭ 0.0244), indicating increased activity of C-Raf ( Fig.  1 A, C) . Compared with WT mice, ERK2 CKO animals displayed no change in MEK1/2 activation, as reflected by the levels of the phosphorylated enzymes. Remarkably, ERK1/2 DKO animals displayed a 10-fold increase in MEK phosphorylation (t test, p Ͻ 0.0001) in the developing dorsal telencephalon at E14.5 ( Fig.  1 A, D) . ERK activity also drives expression of MAPK pathway regulators, such as Sprouty1 (Spry1), which is significantly decreased in the DKO mice at E14.5, indicating that the MAPK pathway is disinhibited (t test, p ϭ 0.027) ( Fig. 1 A, 
E).
We show that ERK1/2 activity is restricted primarily to the VZ and intermediate zone (IZ) of the developing telencephalon in E16.5 tissue from WT and CKO mice (Fig. 1 F, G) . Phospho-ERK1/2 (pERK) levels are much higher in the cortical VZ compared with the dentate VZ. Within the hippocampus, phospho-ERK1/2 immunoreactivity appears in the VZ as well as the cortical hem (Fig. 1FЈ,GЈ) . In DKO mice, we observed a complete loss of ERK1/2 signaling in the VZ of the dorsal telencephalon, but phospho-ERK1/2 immunoreactivity is maintained in the IZ, which contains neurons and projections originating in areas where Cre is not expressed (Fig. 1 H, HЈ) .
In addition, analysis of the distribution of activated phospho-MEK1/2 showed higher expression in the VZ of ERK1/2 DKO mice at E16.5 compared with WT and CKO mice ( Fig. 1I -K,IЈ-KЈ). These findings highlight the hyperactivation of upstream components of the MAPK pathway due to loss of ERK1/2-dependent negative feedback. However, interestingly, loss of ERK2 alone in CKO mice resulted in minimal disruption of feedback to upstream elements of this pathway both by IHC and Western blot. Therefore, the presence of ERK1 is sufficient to regulate feedback loops in the MAPK pathway.
To determine which cells in the IZ and VZ exhibit ERK activity, we examined multiple cell populations for phospho-ERK immunoreactivity ( Fig. 2) . At E16.5, phospho-ERK in the VZ colocalized with Nestin ϩ radial glial cells of WT mice, which was not observed in DKO mice ( Fig. 2 A, AЈ,A1-A4, B, BЈ,B1-B4 ). In the IZ, ERK activity persisted in the DKO animals. There are multiple cell populations in this zone; however, the only ones that do not express the Cre recombinase are migrating interneurons from the ventral telencephalon and thalamocortical axon projections from thalamus. We observed phospho-ERK colocalization with the neural cell adhesion molecule L1, which labels thalamocortical projections (Fig. 2C ,CЈ,C1-C4 ) as well as CXCR4, a marker for migrating interneurons (Fig. 2 D, DЈ,D1-D4 ). These studies show that the ERK activity is present in migrating interneurons and thalamocortical axons, which retain ERK2 expression in the DKO mice as expected. Finally, we assessed whether ERK activity changes later in development by examining phospho-ERK immunoreactivity in the hippocampus of P2 mice ( Fig. 2 E, F ) . Interestingly, phospho-ERK signaling appears strongest in the developing CA1 stratum radiatum (SR) and stratum lacunosum moleculare (SLM). There is also modest colocalization with TuJ1, a marker for processes of postmitotic neurons (Fig. 2EЈ ,FЈ,E1-E4,F1-F4 ). DKO mice show very little phospho-ERK immunoreactivity, but TuJ1 expression is present. These data show that, as development proceeds, ERK activity appears in postmitotic neurons.
Loss of both ERK1 and ERK2 impairs morphogenesis of the DG
We examined the hippocampus of postnatal day 10 (P10) mice and observed severe hypoplasia of the hippocampus in the ERK1/2 DKO mice (Fig. 3) . When granule cells are first generated, they begin expressing Prox1, a marker of immature and mature granule cells that populate the DG (Oliver et al., 1993; Lavado and Oliver, 2007) . Mature granule cells subsequently express Ctip2 as well as Prox1 (Simon et al., 2012) . To examine the granule cells of the DG, WT and DKO tissue were immunostained for Ctip2 and Prox1 ( Fig. 3 A, (Fig. 3B ). ERK2 CKO mice show no difference in the number of DG granule cells compared with WT littermates (Fig. 3B ). These data suggest that DKO mice possess granule cells that were generated early in development but lack granule cells that are generated at later developmental times.
Granule cells are generated from neural progenitor cells that sequentially express different transcription factors as they mature and differentiate. Primary neural stem cells express classical radial glia cell markers (Pax6, Nestin). As these cells divide and mature, they produce intermediate progenitor cells (IPCs) that are defined by their expression of Tbr2 (Hevner et al., 2006; Sugiyama et al., 2013; Yu et al., 2014) . Recently, deletion of Tbr2 was shown to result in hypoplasia of the hippocampus (Arnold et al., 2008; Hodge et al., 2012) . Because the majority of granule cells are produced during the first postnatal week, progenitor populations were examined in the P10 hippocampus (Fig. 3 A, AЈ) . Interestingly, the hippocampus of DKO mice contained almost no Tbr2 ϩ neural IPCs with 94.1% fewer Tbr2 ϩ progenitors compared with WT (t test, p ϭ 0.0008) (Fig. 3C ). ERK2 CKO mice showed no changes in Tbr2 ϩ populations either in their spatial distribution or total numbers. Finally, the structure of the DG in the DKO mice was extremely dysmorphic, but both the suprapyramidal and infrapyramidal blades of the DG were present. Development of the two blades of the DG has been shown to be dependent on Cajal-Retzius (C-R) cells and scaffolding provided by radial glial cells that migrate into the DG and reside in the subgranular zone of the DG (Rickmann et al., 1987) . Analysis of the Nestin ϩ radial glial cells revealed that DKO mice contain very few Nestin ϩ radial glia that extend processes through the granule cell layer of the DG compared with WT ( Fig. 3 D, DЈ) .
Additionally, we analyzed ERK activity within the P10 hippocampus of WT and DKO mice (Figure 3 E, EЈ) . In WT mice, ERK activity was primarily found in the stratum oriens (SO), SR, and SLM in CA1 region. In the DG, ERK activity is located in the inner molecular layer (IML) where commissural/associational fibers from hilar mossy cells form synapses with the dendrites of granule cells. In the DKO mice, we observe very little phospho-ERK expression, except for some immunoreactivity in the developing SLM and hilar neurons.
These results indicate that inactivation of both ERK isoforms results in severe dysmorphia of the hippocampus accompanied by a complete loss of progenitor cells. Interestingly, presence of ERK1 alone was sufficient for normal hippocampal development.
Loss of ERK signaling impairs granule cell generation
To analyze development of the DG in DKO mice, we analyzed the cellular composition of the DG between E16.5 and P2 (Fig. 4A -C,AЈ-CЈ). At E16.5 and E18.5, DKO mice exhibit normal numbers of Prox1 ϩ granule cells in the DG compared with WT and ERK2 CKO mice (Fig. 4D) . By P2, however, DKO mice show a 25.3% reduction of Prox1 ϩ granule cells (t test, p ϭ 0.0495) in the DG that becomes more apparent at P10 (Fig. 4D) . Interestingly, Tbr2
ϩ IPCs show an even greater reduction over the same interval. Specifically, the DKO mice have slightly increased numbers of Tbr2 ϩ progenitors in the DG at E16.5 (Fig. 4E) . By E18.5, there is a 29.4% decrease in Tbr2 ϩ IPCs (t test, p ϭ 0.0014), and by P2 this effect is amplified with a 65.7% decrease in this population of cells (t test, p Ͻ 0.0001) (Fig. 4E) . These data demonstrate a rapid decline in the number of Tbr2 ϩ progenitors that leads to impaired granule cell production postnatally. Quantitation of Tbr2 ϩ progenitors revealed that, starting at E16.5, there is a steady decline in their number, indicative of their progressive depletion. In contrast, WT and ERK2 CKO mice show early expansion of Tbr2 ϩ progenitors in the DG that only starts to decline postnatally. Importantly, the decline in Tbr2 ϩ IPCs in DKO mice precedes the decline in Prox1 ϩ granule cells, which is consistent with the fact that the Tbr2 ϩ IPCs are generating granule cells. We observed high levels of phospho-ERK signaling around the fissure where Tbr2 ϩ cells are located during DG development. Interestingly, we observed that Tbr2 ϩ cells express only low levels of phospho-ERK immunoreactivity, which is highlighted in the magnified images (Figure 4 F, FЈ) .
To determine whether the decline in granule cells is due to their diminished generation, BrdU birthdating studies were conducted. Pregnant dams were injected with a single 50 mg/kg dose of BrdU at E18.5 and pups were killed at P2. The hippocampus was immunostained for BrdU and Prox1 to identify granule cells born at the time of BrdU injection (Fig. 5 A, AЈ) . The P2 DKO DG exhibits a 38% decrease in BrdU ϩ /Prox1 ϩ colabeled cells in DKO mice compared with WT (t test, p ϭ 0.04) (Fig. 5B ). These findings demonstrate a significant decline in Prox1 ϩ granule cell production at E18.5.
To rule out apoptotic cell death as a possible cause of declining granule cell numbers, we examined apoptosis in P2 brains. Activated-caspase 3 (AC3) staining in P2 brain sections showed no changes in apoptosis in DKO mice compared with WT mice in the DG, although we did observe a trend toward increased AC3 immunoreactivity in CA1 (Fig. 5C,CЈ,D) . These results indicate that production of granule cells declines starting at E18.5, due to progenitor cell depletion and not cell death. This decline in granule cell production is especially problematic for the DG where the majority of granule cell production occurs postnatally. ERK2 CKO mice showed no difference in granule cell generation indicating that minimal ERK activity is sufficient for normal hippocampal development.
Radial glial population is depleted in DG proper of DKO mice
We wanted to determine whether the depletion of granule cells was due to perturbations in the radial glial cells in addition to IPCs. To answer this question, we analyzed the number of mitotic cells (cells in M-phase) present in the VZ of the DG by quantifying cells positive for PH3, which labels cells in M phase. Interestingly, we found that the mitotic activity was decreased by 21.4% in the DKO mice compared with WT mice (t test, p ϭ 0.024). CKO mice showed no changes in mitotic activity compared with WT ( Fig. 6 A, AЈ,B) . Thus, the loss of both ERK isoforms decreases mitotic activity, as previously observed in the developing cortex (Pucilowska et al., 2012) .
When we examined the population of radial glial cells in the developing DG, we found that the number of Pax6 radial glial cells was also not significantly different at E16.5 in DKO mice compared with CKO and WT in any of the germinal zones (Fig.  6 A, AЈ,D) . However, by E18.5, the dentate VZ of the DKO mice exhibit a 27.5% reduction in Pax6 ϩ radial glia (t test, p ϭ 0.03), whereas the DMS or secondary germinal matrix of DKO mice showed a 38.2% reduction in Pax6 ϩ cells compared with WT (t test, p ϭ 0.0009). Interestingly, in the DG germinal zone (tertiary germinal matrix), there was a much larger 58% reduction in Pax6 ϩ cells in the DKO mice compared with WT (t test, p ϭ 0.0017) (Fig. 6C,CЈ,E) . To determine whether ERK activity is present in the Pax6 ϩ radial glial cells, we examined Pax6 ϩ cells for phospho-ERK expression (Fig. 6 F, G) . We observed that in WT tissue, Pax6 ϩ cells in the primordial DG expressed low levels of phospho-ERK, which was absent in the DKO mice. We also observed similar findings in the VZ and DMS as well (data not shown). These data show that the loss of ERK1/2 causes a decrease in VZ mitotic activity at E16.5, whereas depletion of radial glial cells appears after E16.5, where the developing DG is more significantly affected compared with the dentate VZ.
Although DKO mice show significant depletion of Pax6 ϩ radial glial cells, it is unclear what happens to these cells. To address this question, we evaluated radial glial cell maturation. As the 4 Figure 2 . ERK signaling is present in radial glial cells, migrating interneurons, and thalamocortical axons. A, B, A, B, IHC of pERK (green), Nestin (red), and DAPI (blue) in an E16.5 forebrain of WT (A, A) and DKO (B, B) mice at both low magnification (A,B) and higher magnification of the dentate VZ (A, B, A1-A4, B1-B4) . Arrowheads indicate colocalization in the VZ. Arrows point to colocalization in processes extending into the DG. Scale bar, 100 m. C, C, IHC of pERK (green), L1 (red), and DAPI (blue) in an E16.5 forebrain of a WT mouse (C).
Magnification of boxed area in C, with arrowheads indicating colocalization (C). C1-C4, Higher magnification of individual L1
ϩ fibers that colocalize with phospho-ERK immunoreactivity. Scale bar, 100 m. D, D, IHC of pERK (green), CXCR4 (red), and DAPI (blue) in an E16.5 forebrain of a WT mouse (D). Magnification of boxed area in D, with arrowheads indicating colocalization (D, D1-D4). Scale bar, 100 m. E, F, E, F, IHC of phospho-ERK (green), TuJ1 (red), and DAPI (blue) in a P2 hippocampus of WT and DKO mouse. so, Stratum oriens; sp, stratum pyramidale; sr/slm, stratum radiatum/straum lacunosum moleculare; dg, dentate gyrus. E, F, Boxes are magnified to show the SR/SLM (E, F). E1-E4, F1-F4, High-magnification images showing individual immunoreactivity of TuJ1 and phospho-ERK as well as the overlay. Arrowheads indicate colocalization. Scale bar, 100 m. radial glial cells in the dentate VZ mature, they express GFAP at the dentate VZ-fimbria junction (Fox et al., 2004; Barry et al., 2008) . We found that in DKO mice there is no phospho-ERK immunoreactivity in the VZ-fimbria junction, and the resident radial glial cells express much higher levels of GFAP compared with WT mice at E16.5 (Fig. 6 H, I ). However, the radial glial cells in the DKO still extend processes into the DG that allow for migration of progenitors into the DG from the VZ. By P2 the radial glial cell population is located in the tertiary germinal zone, and we observed that WT mice display GFAP ϩ radial glial cells that extend processes through the DG as part of the scaffold necessary for DG morphogenesis (Fig. 6 J, J1) . Interestingly, DKO mice do not exhibit any GFAP ϩ cells with a radial glial morphology ( Fig. 6 K, K1 ), which has been observed previously (Imamura et al., 2010) . Higher-magnification images show that GFAP ϩ cells in WT mice exhibit radial processes that extend vertically to the fissure, whereas DKO mice exhibit GFAP ϩ cells with multiple horizontal processes and appear astrocytic in nature (Fig.  6 L, M ) , These data show that the depletion of Pax6 ϩ cells in the DG of DKO mice is due to precocious maturation of the radial glial cells and subsequent differentiation.
C-R cells are reduced in postnatal DKO mice
Whereas radial glial cells form one component of the scaffolding necessary for migration of progenitors from the VZ to the DG, the other cell type necessary for DG formation are the C-R cells. C-R cells are typically present at E10.5 and form the marginal zone of the dorsal telencephalon (Bayer and Altman, 1990; Bielle et al., 2005) . One of their critical functions is to secrete Reelin, which is an important signaling molecule that regulates the layering of the cortex and hippocampus by guiding the migration of neurons into their correct position (Frotscher et al., 2003; GilSanz et al., 2013) . They are also vital for the formation of the hippocampal fissure, and loss of Reelin or C-R cells results in dysgenesis of the DG (Yang et al., 2000; . C-R cells are among the earliest neurons in the telencephalon and originate from a few different regions, one of which is the cortical hem (Abraham et al., 2004) . Thus, ERK signaling may also be important for C-R cell generation. To identify whether ERK activity may regulate Reelin production or C-R cell maintenance, we examined C-R cells for phospho-ERK immunoreactivity by immunostaining E16.5 and P2 tissue for phospho-ERK and p73, a marker for C-R cells (Fig. 7A-D) . We observed colocalization of phospho-ERK and p73 immunoreactivity in a subset of p73 ϩ C-R cells at E16.5 and P2 in WT mice (Fig. 7 A, CЈ) . Interestingly, some C-R cells in the DKO expressed phospho-ERK as well, indicating that some of these C-R cells were not Emx1 derived (Fig. 7 B, DЈ) .
We observed no difference in C-R cells in the DG at E16.5, which we assessed by counting p73 ϩ cells (Fig. 7E) . However, by P2 we observed a 32% reduction in C-R cells in the hippocampus of DKO mice (t test, p ϭ 0.0072) (Fig. 7E) . Additionally, we examined Reelin levels by Western blot analysis in the hippocampus of P2 mice. Consistent with the decrease in C-R cells, we observed a 23% decrease in Reelin in the DKO mice at P2 (t test, p ϭ 0.0176) (Fig. 7F ). These data indicate that early presence of C-R cells is not affected by loss of ERK1/2 signaling, but by P2 there is a significant decrease in the number of C-R cells, which may contribute to the phenotype of the DG.
Wnt signaling is not affected by loss of ERK1/2
Wnt signaling has previously been shown to be a critical regulator of DG development by regulating proliferation and differentiation of radial glial cells (Lee et al., 2000; Kim et al., 2001; Yoshinaga et al., 2010) . Wnt signaling forms a reciprocal gradient with FGF signaling in the devel- oping telencephalon, which can be observed as early as E11.5 (Shimogori et al., 2004) . Interestingly, FGF8 overexpression drives rostral patterning and represses Wnt signaling (Kuschel et al., 2003; Shimogori et al., 2004) . These pathway interactions drive the patterning of the dorsal telencephalon. Whether this repression is ERK dependent is still unknown, raising the possibility that the developmental perturbations to the DG in DKO mice are a result of altered Wnt signaling. To determine whether loss of ERK signaling affects Wnt signaling, GSK3␤ activity in the telencephalon was evaluated by Western analysis at E14.5 and at P2 (Fig. 8A-C) . GSK3␤ is phosphorylated on Ser9, which allows ␤-catenin translocation to the nucleus and subsequent transcription of target genes, including Axin2. Ser9 phosphorylation of GSK3␤ was not altered in DKO or CKO mice at E14.5 or P2 (Fig.  8A) . ␤-Catenin and Axin2 levels were unchanged as well (Fig.  8 B, C) . Although nuclear translocation of ␤-catenin is the critical determinant for canonical Wnt signaling transduction, the fact that phospho-GSK3␤ and Axin2 levels are not significantly altered suggests that ␤-catenin localization is not altered either. Finally, in situ hybridization analysis of Wnt3a expression at E13.5 showed that DKO mice expressed Wnt3a at levels comparable with WT ( Fig. 8 D, DЈ) . These data indicate that the Wnt signaling was not altered by loss of both ERK1 and ERK2 levels.
Discussion
Mutations in various elements of the MAPK/ERK pathway cause a collection of disorders known as NCFC syndromes, which are characterized by multiple overlapping phenotypes, including intellectual disability (Samuels et al., 2009) . Identifying the specific roles of ERK1/2 activity during brain development may provide critical insight into the pathogenesis of cognitive impairment in NCFC syndromes and other RASopathies. Of particular interest is the hippocampus, where ERK signaling has been shown to play a critical role in regulating synaptic plasticity and memory formation (Thomas and Huganir, 2004) . Our studies establish that ERK1/2 signaling is necessary for normal development of the hippocampus. Complete loss of ERK1/2 signaling causes progressive decline in Pax6 ϩ radial glial cells and Tbr2 ϩ neuronal IPCs in the developing DG. The resulting depletion of progenitors prevents expansion and generation of granule cells in the DG during the first postnatal week. The decline in progenitor populations is not due to cell death and likely due to progenitors undergoing neurogenic rather than proliferative divisions, which deplete progenitor pools in the developing DG. This effect on progenitor pools results in a significantly smaller and dysmorphic DG in the DKO mice. Surprisingly, loss of ERK2 alone does not impair development of the hippocampus, indicating that the presence of either isoform is sufficient for normal hippocampal development (Selcher et al., 2001; Mazzucchelli et al., 2002) .
The loss of ERK1/2 signaling has a more striking effect on progenitors in the tertiary dentate matrix, the developing DG proper, compared with the VZ of the DG. One explanation is impaired migration of radial glia into the DG. Radial glia migrate from the VZ of the DG through the DMS and into the DG, in the process forming the three germinal matrices of the DG (Rickmann et al., 1987; Altman and Bayer, 1990; Li et al., 2009) . As DG development advances, the radial glia in these secondary and tertiary germinal zones become the primary neurogenic zones and form scaffolding required for the formation of the two blades of the DG (Frotscher et al., 2003; Sibbe et al., 2009) . Radial glia in the VZ may not be able to translocate to the DG in DKO mice and thus more significantly impact progenitors in the DG. However, we did not observe evidence of impaired migration, such as ectopic neurons in the VZ or DMS. The most parsimonious explanation of our findings is that ERK1/2 is required for maintaining the radial glial population that migrate into the DG from the VZ. Based on our findings, ERK1/2 signaling is more important in maintaining neural progenitors in the DMS and DG than in the VZ. The loss of ERK1/2 signaling leads to decreased proliferation and precocious maturation of radial glia, which depletes the DG of progenitors in the tertiary germinal zone. Interestingly, hyperactivation of MEK1/2 leads to excessive gliogenesis at the expense of neurogenesis (Li et al., 2012) . Thus, the increase in MEK activity in the ERK1/2 DKO mice may contribute to the precocious radial glial maturation through ERK1/2 independent mechanisms.
The most striking effect we observed was the significant decline in Tbr2
ϩ IPCs during development of the DG. Compared with the DG morphology of Tbr2 KO mice, we observed slightly attenuated effects in the ERK1/2 DKO mice. Tbr2 KO mice exhibit a significant reduction in granule cells with impaired migration of C-R cells, both of which are derived from Tbr2 ϩ IPCs. Additionally, the DG was severely dysmorphic due to impaired hippocampal fissure formation, resulting in a small suprapyramidal blade and absent infrapyramidal blade (Hodge et al., 2013) . In the DKO mice we examined, the DG formed two blades, and we did not observe any C-R cell migration defects. However, C-R cells and Reelin levels were decreased in the P2 hippocampus. C-R cell migration occurs along the meninges using chemotactic cues that are present in the meninges as well as the end-feet of radial glial cells (Borrell and Marín, 2006; Kwon et al., 2011) . Although migration of C-R cells was not affected in DKO mice, their recruitment in the postnatal hippocampus may be decreased due to depletion of the progenitor populations. It is possible that the depletion of progenitors in the DG of DKO mice causes a reduction in C-R cells due to a reduced requirement for C-R cells. Expression of Reelin by C-R cells around the hippocampal fissure is also important for hippocampal circuit formation because Reelin regulates CA1 pyramidal neuron migration and lamination as well as the entorhinal axonal projections to the DG (Del Río et al., 1997; Borrell et al., 1999) . These neuronal populations, which are also affected in DKO mice, could also regulate C-R cell recruitment Alternatively, ERK signaling could directly impair C-R cell generation and Reelin signaling. However, at E16.5, we did not observe an effect on C-R cells, which are first generated around E10.5 (Bielle et al., 2005) . In addition, mouse models of impaired Reelin signaling have more severe phenotypes showing migration deficits and ectopic cells (Stanfield and Cowan, 1979; Grant et al., 1992) . Loss of Reelin also affects the radial glial scaffold, resulting in an absence of the two blades of the DG (Brunne et al., 2013) . Although we did not observe any ectopic cells in the DKO DG, the change in the radial glial scaffold could be attributed to decreased Reelin levels and may contribute to the altered shape of the DG.
An interesting issue these data raise centers around the cellautonomous and non-cell-autonomous roles for ERK signaling. The presence of phospho-ERK in Nestin ϩ radial glial cells in the dentate VZ suggests cell-autonomous functions for ERK signaling in radial glial cell maintenance. However, the timing of depletion of progenitors begins at E18.5, and the most significant effects occur between E18.5 and P10. During this time, phospho-ERK expression is found in C-R cells and the SLM/SR of the CA1 in both Nestin ϩ radial glial cells and Tuj1 ϩ postmitotic neurons. This may also indicate non-cell-autonomous roles, where ERK signaling in radial glial cells and neuronal projections to the DG participates in the maintenance of neural progenitors in the DG and thus regulates granule cell population.
These observations are generally consistent with the role of ERK signaling during cortical development. Loss of ERK2 in the telencephalon causes precocious neurogenesis in the cortex, resulting in cytoarchitectural changes (Satoh et al., 2007; Imamura et al., 2010; Pucilowska et al., 2012) . However, we did not observe any changes in the hippocampus in the ERK2 CKO mice. In examining the level of phosphorylated ERK in the telencephalon, we found that it is more concentrated in the VZs of the cortex compared with the VZs of the hippocampus. We also observed that neural progenitor populations in the developing DG express phospho-ERK at much lower levels compared with other cell types. These data indicate that loss of ERK2 alone does not affect hippocampal development because ERK1 is sufficient for development, indicating that there are no apparent isoform-specific actions of ERK1 and ERK2 developmentally. However, in the cortex, the requirement for ERK signaling is much greater and ERK1 alone cannot compensate for the loss of ERK2.
Interestingly, FGF8 hypomorphic mice and FGFR1/2/3 triple mutant mice have more severe phenotypes than the DKO mice, which highlight the importance of other pathways downstream of FGFRs that mediate neurogenesis (Storm et al., 2006; Paek et al., 2009) . Importantly, to confirm that the loss of ERK signaling was directly responsible for perturbing hippocampal development, we show that the impaired development of the hippocampus was not secondary to changes in Wnt signaling, which has previously been shown to play a critical role in hippocampal morphogenesis (Li and Pleasure, 2007) . Our data also indicate that the reciprocal repression between FGF8 and Wnt signaling is not ERK dependent at the time points we studied.
Additionally, we examined how ERK signaling regulates the negative feedback loops of the MAPK pathway. The MAPK pathway is precisely regulated through various feedback mechanisms that tightly control activation of the Raf and MEK kinases (Hanafusa et al., 2002; Dougherty et al., 2005; Catalanotti et al., 2009 ). Surprisingly, our results show that very little ERK signaling is required for normal negative feedback regulation of the ERK MAPK pathway, as loss of ERK2 alone does not significantly dysregulate the ERK MAPK pathway. This was a particularly interesting finding because ERK2 is present at much higher levels than ERK1 in the brain (Ortiz et al., 1995) . The feedback signal is not ERK1 dependent as loss of ERK1 does not cause significant dysregulation of the MAPK pathway (Mazzucchelli et al., 2002) . However, loss of both ERK1 and ERK2 causes massive upregulation in MEK signaling, indicating that MEK-targeted feedback by ERK1/2 is not gene dose-dependent. Instead, it appears that there is a modest threshold of ERK expression required to inhibit MEK activation. Furthermore, either ERK1 or ERK2 is sufficient to regulate feedback of the MAPK pathway.
In conclusion, ERK signaling plays a vital role during granule cell neurogenesis. The functions of ERK signaling in the hippocampus are more pronounced later in development when granule cell production peaks. Furthermore, because loss of only ERK2 affects the development of the cortex, but not hippocampus, the data also highlight the fact that the levels of ERK signaling needed for neurogenesis are spatially and temporally distinct.
